Background: Epidemiological evidence has shown that lower salt intake reduces hypertension-related disease mortality. Japan has experienced a drastic decrease in cardiovascular mortality, although this varies across regions. This regional variation does not necessarily match the local patterns of reported average salt intake. In this study, we examined population-level risk factors for hypertension-related disease mortality, focussing on the average household dietary consumption of salt intake sources. Methods: We prepared an ecological panel dataset, with prefecture as the unit of analysis, by referring to public statistics and market research data from 2012 to 2015. We collected prefectural averages of household dietary consumption related to salt intake and other nutrients that may affect hypertension control. We used demographic characteristics, medical care availability and local economy indices as covariates. Panel data analysis with fixed-effects modelling was performed, regressing prefectural-level mortality from ischaemic heart diseases, subarachnoid and intracerebral haemorrhage and cerebral infarction on dietary consumption and the selected covariates. Results: We confirmed the average household consumption of salt equivalents of discretional salt intake sources to be positively but only weakly associated with mortality from ischaemic heart diseases and cerebral infarction. Household expenditure on processed foods was positively associated with ischaemic heart disease mortality. Conclusions: These findings may suggest that the reduction of salt in processed foods, in addition to individual behavioural change, could be useful for decreasing mortality from ischaemic heart diseases in the Japanese population. Ecological factors related to decreasing cerebrovascular disease mortality in the context of the ageing Japanese population require further investigation. 
Introduction
H ypertension is a major risk factor for cardiovascular disease mortality, 1, 2 and accumulated evidence has demonstrated the effectiveness of reducing dietary salt intake for controlling hypertension and cardiovascular disease incidence at the individual level. [3] [4] [5] At the ecological level, a lower level of average salt intake is shown to be related to lower mortality and a lower prevalence of hypertensionrelated diseases. 3 A recent population-based intervention in the UK successfully reduced population-level salt intake through food standards regulation and a public campaign on the salt content of processed foods, although the impact on population health remains to be seen. 6 Japan has experienced a substantial decrease in hypertension prevalence and stroke mortality since the 1970s. [7] [8] [9] These changes were attributed to a remarkable reduction in the dietary salt intake at the time. 10 However, a recent study has revealed that salt intake in Japan has not changed since the 1980s. 3, 11, 12 Despite remaining high dietary salt intake, the mortality from cardiovascular diseases has paradoxically continued to drop, and differs across prefectures in ways that do not necessarily match the prefectural patterns of average salt intake. 13 As Rose 14 has convincingly argued, a distinct mode of epidemiological studies should be designed to address the population-level determinants of disease distributions, rather than the determinants of individual cases. Indeed, relatively little is known about crosssectional population-level variation in salt intake compared with knowledge about individual-level variation. 15 In this study, we aimed to clarify the association between mortality from hypertension-related diseases and average household dietary consumption related to salt intake at the prefectural level in Japan where dietary salt intake remains higher than the recommended levels. 12 Because hypertension is the second largest determinant of mortality from non-communicable diseases in Japan, 7 we expected population-level risk factors to have important implications for public health control targets in the context of an ageing population.
Methods

Study design
For the purposes of this study, we chose an ecological and panel study design. We adopted the prefecture as the unit of analysis and created a panel dataset from 2012 to 2015. We gathered data on each of the 47 prefectures in Japan for all 4 study years, yielding 188 observations for the analysis.
Variables and their data sources
Outcome
The outcome variables in this study were prefecture-specific mortality from hypertension-related diseases, drawn from publicly published Japanese vital statistics from 2012 to 2015. 13 Mortality is related to disease prevalence and incidence, but it is not equal to these indices because it is affected by many other factors such as health service availability. We chose to use mortality as a proxy marker of the disease distribution at the population level with careful consideration of local health service availability and other potential confounders. We selected the following causes of death (with International Statistical Classification of Diseases and Related Health Problems, Tenth Revision codes): ischaemic heart diseases (I20-I25), subarachnoid haemorrhage (I60, I69.0), intracerebral haemorrhage (I61, I69.1) and cerebral infarction (I63, I69.3).
Average household consumption of dietary salt and related food items
A previous study in Japan identified the average share of discretionary sodium intake from self-cooking as 54.7% of the total dietary sodium intake, with processed foods consumed at home and dining out accounting for the rest. 16 The largest food group in terms of dietary sodium intake was seasoning with seasoning salt, soy sauce and miso paste, contributing more than 60% of the total sodium intake.
We estimated the average household consumption of salt equivalents from soy sauce, seasoning salt and miso paste as a surrogate marker of discretionary dietary salt consumption in the household. More specifically, we referred to publicly available data derived from the governmental Family Income and Expenditure Survey (FIES) to obtain the prefecture-specific average household consumption of these food items each year from 2012 to 2015. 17 The FIES randomly sampled households with two or more persons in the prefectural capital cities to collect consumption records for 6 consecutive months, refreshing half of the sample every 3 months. The sample size was around 5500 households each year. Due to the above sampling frame, one-person households and households in rural areas may not be adequately reflected in our dataset.
For this study, we assembled data on the yearly household consumption of soy sauce (l/year), salt (kg/year) and miso paste (kg/ year) in each prefecture. Furthermore, we calculated salt equivalents (kg/year) from the data on the consumption of these three seasonings by referring to the mean salt equivalents of each seasoning, published in the Standard Tables of Food Composition in Japan, 2010. 18 More specifically, the salt equivalent of soy sauce is 15.0 g/84.7 ml, that of seasoning salt is 99.1 g/100 g and that of miso paste is 12.0 g/100 g.
Because processed foods consumed at home and dining out are also significant sources of salt intake, 16 we assembled data on the yearly amount of household expenditure (in tens of thousands of Japanese yen, or 90 US dollars) on processed food and eating out from the FIES. In the FIES, processed foods included lunch boxes, sandwiches, fried and grilled foods (e.g. fried/grilled chicken or fish) and other ready-to-eat foods (e.g. stewed/flavoured/seasoned/ simmered fish, beans or vegetables). To make comparisons across prefectures and years, we calibrated the expenditure values using the consumer price index of prefectural differences and the over-year calibrator, with the indices of 2015 as a reference. 19 
Other household dietary consumption
We added salted and dried fish as a minor source of salt consumption. 16 We also adopted five other food items from the FIES: fresh vegetables, fresh fruits, raw fish/shellfish, seaweed and bean curd. These food items are rich in potassium, calcium, omega-3 fatty acids, dietary fibre and vegetable protein, all of which can affect hypertension control. 20 Demographic characteristics, economic factors and medical care at the prefecture level
We considered demographic characteristics, economic factors and medical care accessibility to be potential confounders. The percentage of the prefectural population aged !65 years and the sex ratio (men per 100 women) for each prefecture were obtained from estimates issued by the National Institute of Population and Social Security Research. 21 We also included the crude prevalence of metabolic syndrome and candidate obese conditions for those aged 40-74 years as a conventional cardiovascular risk factor, available at https://www.mhlw.go. jp/bunya/shakaihosho/iryouseido01/info02a-2.html. The National Health Checkup Programme was newly introduced by the Ministry of Health, Labour and Welfare for all persons aged 40-74 years in the nation to specifically screen for metabolic syndrome conditions (waist circumference of >85 cm for males and >90 cm for females, plus more than two of the following conditions: dyslipidaemia, hypertension or high blood sugar). 22 To account for the influence of household size, we obtained the average size of households with two or more persons for each prefecture from the FIES. We included the prefectural average taxable income by referring to the number of taxpayers and total amount of taxable income issued by the National Tax Agency of Japan. 23 We also included population density per inhabitable area, drawn from the System of Social and Demographic Statistics of Japan. 24 Finally, as a surrogate marker of medical care accessibility, we used the number of medical care institutions per 100 000 population for each prefecture and year. 24 We also referred to JRSR-CI for Academia, a commercial data source provided by IMS Japan, Inc. that included the entire monthly market sales of antihypertensive drugs in Japan from June 2012 to December 2015. We limited these data to orally administered drugs mainly used in the outpatient treatment of hypertension. We estimated annual sales in 2012 by doubling the data from July to December 2012. We counted the number of tablets per person per year. We did not use the defined daily dose as a standardized measurement unit because this information was not available for some of the newer drugs. We expected little variance in healthcare availability under the universal public health coverage in Japan.
Statistical analysis
We conducted a panel data analysis, taking the prefectural mortality as a target variable, regressed on household dietary consumption and other covariates. Panel data analysis is useful to counteract misspecification by unobserved and time-invariant confounders. 25 We expected that prefectural characteristics that were not likely to change over the study period (e.g. medical technology, performance of the local health care system, dietary habits and culture and welfare policy) should be adequately controlled in the fixed-effects model. We estimated a fixed-effects model and a random-effects model, and we then used the Hausman-Wu test. We also added an ad hoc analysis stratified by average yearly salt-equivalent consumption at the median of 3.54 kg/year/household.
For the data processing and statistical analysis, we used Stata version 12.1 (StataCorp., College Station, TX, USA). No internal review board approval was needed for this study because the data were obtained from databases that were open to the public or anonymously constructed for commercial use. Table 1 shows the descriptive statistics on the panel data from 2012 to 2015.
Results
We confirmed that the mortality from hypertension-related diseases and the household consumption of soy sauce, seasoning salt and miso paste and the consumption of salt equivalents from seasonings varied widely across the prefectures. There was a decreasing trend in mortality from hypertension-related diseases over the study period. Table 2 shows the results of the panel data regression analysis.
The Hausman-Wu test suggested that for mortality from ischaemic heart diseases (P = 0.735), the results of the random-effects model were not statistically different from those of the fixedeffects model. The test results for subarachnoid and intracerebral haemorrhage (P = 0.020) and for cerebral infarction (P = 0.000) suggested that the fixed-effects model produced less biased estimates and should be adopted. Because the differences in coefficient estimation were observed for the covariates and not for saltrelated consumption, the tables present the results of the fixedeffects models. The results of the Hausman-Wu test were similar for the salt-equivalent variable.
As the left column of table 2 shows, the average household expenditure on processed foods was positively associated with mortality from ischaemic heart diseases (coefficient = 1.288, P = 0.013 with each seasoning variable), suggesting that each increase by 10 000 Japanese yen (90 US dollars) in the average annual household expenditure on processed foods was associated with an increase in disease-related mortality of about 1.2 deaths per 100 000 population. When we categorized the expenditure by tertiles, we confirmed a dose-response increasing trend with the mortality (data not shown). We did not find consistent results for the consumption of soy sauce or seasoning salt or for the salt equivalents of discretional salt sources. Contrary to our expectations, the consumption of miso paste showed a negative association with morality from ischaemic heart diseases (coefficient = À0.950, P = 0.013).
As for mortality from subarachnoid and intracerebral haemorrhage, seasoning salt showed the largest positive coefficient (coefficient = 0.382, P = 0.238), and expenditure on processed food also showed a relatively large positive effect (coefficient = 0.309, P = 0.397), while the consumption of soy sauce (coefficient = À0.396, P = 0.057) and miso paste (coefficient = À0.442, P = 0.085) unexpectedly showed negative associations. Finally, seasoning salt a: Salt equivalent of soy source = 15.0 g/84.7 ml, salt equivalent of seasoning salt = 99.1 g/100 g and salt equivalent of miso paste =12.0 g/ 100 g. b: Adjusted for the consumer price index as of 2015. c: Number of men per 100 women in each prefecture.
(coefficient = 0.383, P = 0.359) and salt equivalents of discretional salt consumption (coefficient = 0.417, P = 0.276) showed positive and relatively large effects on mortality from cerebral infarction. These results were similar before and after adjusting for other food consumptions in table 1. Table 3 shows the ad hoc analysis stratified by yearly saltequivalent consumption. A significant association between processed food expenditure and ischaemic heart disease mortality remained only in prefectures with higher salt consumption. The coefficient of seasoning salt consumption was different between high-and low-consumption prefectures and was positively and significantly associated with higher cerebral infarction mortality in prefectures with lower salt consumption.
Discussion
Our ecological panel data analysis confirmed that the salt-equivalent consumption of major discretional salt intake sources was positively associated with increased mortality from ischaemic heart diseases and cerebral infarction; a 1-kg increase in the salt-equivalent consumption per household per year corresponded to $0.40 more deaths per 100 000 population. Likewise, an increase in household seasoning salt consumption of 1 kg per year was related to higher mortality from all three of the examined conditions, corresponding to about 0.40 more deaths per 100 000 population. However, the association between seasoning salt consumption and mortality differed between prefectures with high and low salt consumption. We further found that each increase by 10 000 Japanese yen in expenditure on processed foods was related to nearly 1.28 additional deaths caused by ischaemic heart diseases per 100 000 population, especially in prefectures with higher salt consumption. These findings are in line with previous epidemiological findings showing that reducing salt intake resulted in lower blood pressure and reduced cardiovascular disease mortality at the individual level. 4, 26 This study results are also in accordance with recent nutrition surveys in Japan, which showed that the source of salt intake has extended from discretional intake using seasonings to less discretionary intake through processed foods. 16 This study may add to the existing literature showing that at the ecological level, the influence of non-discretional salt consumption on ischaemic heart disease mortality may be larger than that of discretional salt consumption. Salt intake among Japanese people remained higher than that recommended for the effective prevention of cardiovascular diseases, 12 and adherence to salt reduction in dietary habits is very low. 27 Our findings suggest that public policy seeking to regulate the salt content of processed foods, in addition to individual behavioural modification to reduce discretional salt use, may effectively achieve population-level reductions in ischaemic heart disease and related mortality in Japan, as has been seen in other countries such as the UK. 10 Our results did not show consistent associations between salt intake sources and stroke mortality, which requires some discussion. An epidemiological evaluation in a Japanese community setting confirmed the attribution of hypertension to the incidence and mortality of cerebral infarction and subarachnoid haemorrhage in the 1970s and 1980s. 28 However, the most recent results from a large registry of stroke patients indicated that the type of cerebral infarction changes from atherosclerosis-based infarction to cardiogenic thrombotic infarction with atrial fibrillation, which may not be attributable to hypertension. 29 This registry also indicated that the prevalent use of antithrombotic medication in older patients may be an emerging risk factor for intracerebral haemorrhage. 30 These observations may indicate that the attribution of stroke incidence to hypertension and salt intake is attenuated in the context of Japan's ageing population, and further epidemiological evaluation is required.
Our models did not show a consistent association of the local availability of health care institutions, antihypertensive medication use, demographics and average income with hypertension-related Table 2 Results of an ecological panel data analysis with fixed-effects estimation for hypertension-related mortality by prefecture, 2012-15, Japan
Causes of mortality
Ischemic heart diseases Subarachnoid and intracerebral haemorrhage
Cerebral infarction
Coef.
95% CI
95%CI
Coef. 95%CI
Coef. 95%CI
Soy sauce (l) Adjusted for other food groups, as well as demographic characteristics, economic factors and medical care availability in the prefecture (variables described in table1).
disease mortality. After adjusting for these covariates, decreasing trends in the mortality over the study period remained (data not shown in the tables). Thus, the decreasing mortality from stroke is unlikely to be attributable to the performance of the health care system or changes in the economic or demographic structures of the prefectures. Ecological factors related to decreasing cerebrovascular disease mortality in Japan require further investigation. This study adopted an ecological design to explore the determinants of mortality from hypertension-related diseases at the prefectural level. Compared with individual-level epidemiological studies to determine risk factors for identifying individual cases, the ecological study design is suitable to seek for the potential causes of disease distributions across populations.
14 Although individual lifestyle modification is often proposed, 27, 31 recommendations from ecological studies may be more suitable for structural change that modifies the distribution of lifestyle risk factors in the population as a 'cause of causes'. 32 In fact, a recent systematic review on existing salt reduction policies in different countries concluded that in addition to interventional programmes that target individuals, population-wide interventions through reformulation should be incorporated to enhance the effectiveness and efficiency of salt reduction interventions. 33 Finally, contrary to our expectations, we found a negative association between the consumption of salty miso paste and ischaemic heart disease mortality. The traditional Japanese diet is characterised by the high use of miso paste accompanied by vegetables and fish, which are rich in potassium, dietary fibre and omega-3 fatty acids that may have antihypertensive effects. [34] [35] [36] When we included the average consumption of these food items, however, the significance of miso paste remained. Some experiments have indicated that miso inhibits angiotensin-converting enzyme activity. 37 However, an association between the habitual consumption of miso paste and hypertension-related disease mortality has not been demonstrated in epidemiological studies. 38 This study had several limitations. First, our study had a repeated cross-sectional panel design, which precludes any causal inference. Second, we used household dietary consumption data from the FIES, which sampled households comprising two or more people in major cities with prefectural government offices. Therefore, the household consumption of one-person households and households in rural areas may not be adequately reflected in our dataset. In addition, household consumption estimates in the FIES were based on household reports of expenditures and purchased quantities for each food item in a survey month rather than actual ingestion within a time period. The saltequivalent consumption of our dataset had a moderate correlation with the estimated average individual salt intake in the National Health and Nutrition Examination Survey 39 (Pearson's correlation = 0.405), and the consumption should also reflect salt intake other than that at the individual level. Third, we adopted sales quantities of hypertensive medications without adjustment for the defined daily dose, and we may have failed to correctly reflect the effectiveness of the medications. Finally, because this was an ecological analysis, our results should be interpreted very carefully in light of the potential for ecological fallacy and superficial causal inference.
In conclusion, our ecological panel data analysis revealed that ischaemic heart disease mortality was related to the average household expenditure on processed foods, especially in regions of high salt consumption. This may suggest that reduction of the salt content of processed foods can be a useful policy window for decreasing mortality from ischaemic heart diseases in Japan. Ecological factors related to decreasing stroke mortality require further investigation. a: Salt equivalent of soy source = 15.0 g/84.7 ml, salt equivalent of seasoning salt = 99.1 g/100 g and salt equivalent of miso paste = 12.0 g/100 g. b: Higher consumption prefectures were those consumed more than median consumption of salt equivalent = 3.54 kg/year (24 prefectures). c: Adjusted for the consumer price index as of 2015.
Adjusted for other food groups, as well as demographic characteristics, economic factors and medical care availability in the prefecture (variables described in table1). 
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Key points
A recent decrease trend in cardiovascular mortality in Japan was accompanied by remaining high salt intake and regional disparity in this mortality. An ecological panel data analysis was conducted to identify prefectural-level determinants of cardiovascular mortality. Mortality from ischaemic heart diseases was related to household expenditure on non-discretional salt intake sources, rather than that on discretional intake sources. Results indicated that regulation on the salt content of processed food may reduce cardiovascular mortality in Japan.
Ecological factors related to stroke mortality need further investigation in the context of population ageing in Japan.
